Methods for the determination of the element germanium in geological materials, appearing in the geochemical literature during the last decade, have been reviewed and compiled. Methods are grouped into the analytical disciplines of optical spectroscopy (emission and absorption), x-ray spectrometry, mass spectrometry, activation analysis and "wet" chemical analysis. Works consisting of compiled standard reference sample data with the inclusion of Ge are also listed; and items for consideration, when choosing a method of analysis for Ge, are discussed.
The metric system of units is used in this report. The abbreviations for units are as follows:
% (percent) ppm (parts per million) ppD (parts per billion) ug/1 (micrograms per liter) mg (milligrams)°C (degrees Celsius) urn (micrometers) INTRODUCTION The occurrences and practical, economic, and geochemical aspects of germanium have been enumerated by Weber (120) , Bernstein (110) , and Ingamells (48).
Germanium concentrations on the order of 4 ppm and less in most rocks and ores while those in metamorphic rocks are usually less than 8 ppm (39, 44 and 110). Levels as high as 3000 to 7000 ppm in sphalerite, geothite and hematite deposits have been observed (110) . Germanite and argyrodite, which contain 5 to 7% Ge, are examples of few naturally-occurring germanium-bearing minerals. Ge levels up to 100 to 200 ppm are found in low grade coals (48), and 0.3 to 1.4% Ge has been found in coal from northeast India (102). The natural abundance of Ge in seawater is 0.5 to 0.6 ppm (39 and 44), and in meteorites Ge levels from less than 1 ppm to over several thousand ppm have been determined (110) .
During the last decade, various analytical methods for germanium in geological materials have been described in more than 120 journal articles. Analyzed materials include minerals and rocks; ores and mining-process products; meteorites and other astrogeological specimens; lignite, coal and coal waste products; fresh, marine, and geothermal waters; and river and marine sediments.
The dominant instrumental method is optical spectroscopy which includes the emission methods of d. c. arc spectroscopy (1-3, 5-6, 8-17, 20-22, 24, 26-30, 32-34, 109 and 112), plasma emission spectrometry (19, 25 and 31), atomic fluoresence spectroscopy (23), and laser induced spectroscopy (7). Optical methods based on absorption include flame and flameless atomic absorption spectrophotometry, often in conjunction with hydride generation (35-36, 40-43, 45-46, 53, 125, 134 and 137), and uv-vis spectrophotometry (37-38, 47-49, 51-52, 54, 56-58, 112, 117, 124, 129-131, 133 and 135) where phenylfluorone, which is specific for germanium, is commonly used.
X-ray spectrometry, mainly involving both x-ray fluorescence (XRF) and particle-induced x-ray emission (PIXE), is the next most reported method (59-74), followed by mass spectrometry (spark-source, secondary-ion and laser-source) (61 and 75-85) and by neutron activation analysis (61, 86-87, 91-94 and 96-99) and other activation methods (88-90 and 95).
Aside from sample preparation by decomposition and separation in the chemical laboratory before final measurement by the above methods, detection by "wet" methods still prevail. Some consider uv-vis spectrophotometry, mentioned above, in this category of methods. Gravimetric (48 and 102) and titrimetric procedures (104 and 106) as well as separations by paper chromatography (103) and high-performance liquid chromatography (100) have been reported. Applications of polarography (101, 105, 107-108, 128 and 136) exist.
In addition to comprehensive compilations of Ge values in silicate reference samples (123 and 125), compilations of recently-released reference samples containing Ge data (109, 111 and 121) have appeared in Chemical Aostracts. Works appearing in Chemical Abstracts without mention of methods (111-116, 118 and 121-122) are concerned primarily with elemental abundances in the samples under study.
OPTICAL SPECTROSCOPY D. C. arc methods used at the U. S. Geological Survey are based on the work of Bastron and others (4) and Myers and others (18) and are considered rapid techniques having RSD's on the order of 5 to 18% (6 and 24). Different matrices are compensated for with the use of spectral buffers (3, 8, 12, 16, 28 and 33) and detection limits of 0.1 to 10 ppm can be expected (4, 6, 8, 18 and 30). Sample preparation include fusion followed by solvent extraction (5), preconcentration on other solids (13 and 20) and chemical treatment in arc electrodes (14).
Inductively-coupled plasma-atomic emission spectrometry (ICP-AES) has been applied to coal ash, with precision and accuracy of 10% or better and a detection limit of 0.1 ppm (19), and to geological materials (25). A high-frequency ICP source with performance data on Ge analysis has been reported (31). Laser-induced emission spectroscopy (7) has been used to determine Ge in sulfide minerals.
Direct analysis by atomic absorption spectrometry (AAS) include flame analysis of lignite ash with a detection limit of 0.01 ppm (41) and graphite furnace analysis of coal (127), iron-rich natural waters (43) and sediment solids with a detection limit of 0.03 ppm (40). Low results can arise with direct use of the graphite furnace due to volatilization of Ge from the graphite tuoe prior to atomization (48 and 126).
Hydride generation combined with flame and graphite furnace AAS has been applied to natural waters and seawater (35-36 and 46); silicates, sulfide ores, sulfide concentrates (45 and 53); and coal ash (42) in order to circumvent difficulties with direct analysis. The hydride technique affords sensitivities on the order of 0.03 ppm with the flame (42) and detection limits of about 0.01 to 0.02 ppm with the graphite furnace which allows for the study of germanium speciation in natural waters (46).
Reports of colorimetric methods for Ge in coal (54 and 117), lignite ash (37), coal fly ash (57), minerals (47), and other geologic materials (48 and 54) are Dased on the well-known specificity of phenylfluorone for Ge (44, 50 and 55). The precision of the phenylfluorone method is 4% at the 2-ppm level (39) with an error of 10% at the 1-ppm level (44). The method can be rapid and simple for sulfides and coals with a detection limit as low as 0.25 ppm (54). Other reagents for spectrophotometric analysis are known (51-52, 124, 131, and 133). Still other analytical works (38, 49, 58 and 112) have no mention of reagents in Chemical Abstracts.
X-RAY SPECTROMETRY
The potential convenience of non-destructive analysis of solids is available with energy-dispersive XRF spectrometry. However, analytical sensitivity for Ge by XRF is inadequate for most geological materials and matrix conditions. For example, the presence of cobalt can raise the detection limit of Ge from 1 to 50 ppm even with specimen preparation (73).
When low levels of Ge are determined by XRF in the presence of large concentrations of lead, Pb L-beta line corrections should be made (71).
Specimen preparation involves the pressing of pellets for coal fly ash and other geological materials (64-65), precipitation of Ge from natural waters (69-70) and precipitation from acid digests of rocks and soils (63 and 74). No sample preparation is needed for PIXE analysis of coal fly ash (59 and 68), coal macerals (72), and bituminous coal (62).
Other XRF Ge data have been presented for low rank coals (60), coal waste materials (66) and geothermal waters (61).
The use of a synchrotron radiation source for x-ray spectrometric analysis has been discussed (67). Secondary-ion mass spectrometry (SIMS) has been applied to analysis of small areas (8 urn diameter) of geological materials (83). ACTIVATION 
ANALYSIS
Neutron activation analysis (NAA) for Ge requires chemical separation after irradiation (86, 93-94 and 98-99) and prior to measurement. Detection limits are on the order of 0.01 ppm (86) with a precision of less than 10% (86 and 98). Sample irradiation for activation analysis has also been accomplished with transuranium sources (88), high-energy photons (89) and high-energy protons (90). Also radiometric methods relying on the detection of x-rays (95) and natural radioactivity (132) have been reported.
WET CHEMICAL METHODS
Aside from the already-mentioned uv-vis spectrophotometric methods, polarographic methods with detection limits as low as 0.4 ppb (ug/1) in Ge ore solutions (108) and 0.1 ppb (ug/1) in water (136) have been published. Other investigations of polarographic methods report a working range of 0.005 to 0.8 ppm Ge with ores (105 and 128) and a sensitivity of 5 ppb (ug/1) for mineral solutions (107). Minor-to-major concentrations of Ge can be determined by titrimetry (104 and 106) or by gravimetry (48 and 102). High-performance liquid chromatography (HPLC) has been applied to water analysis in order to separate the molybdoheteropoly acids of Ge, P, As and Si (100); and paper chromatography has also been used for isolation of Ge (103). The application of heteropoly compounds to germanium analysis has been reviewed (119) .
REFERENCE SAMPLES AND MISCELLANEOUS STUDIES
The works of Abbey (123) and Govindaraju (125) list germanium levels in silicate reference samples from 0.88 to 25 ppm. Additional reference standard reports for Ge were for iron-formation standards (109), granite and feldspar standards (111) and drainage sediment samples (121) .
Numerous studies appearing in Chemical Abstracts do not particularly mention the method used for Ge; but they include analyses of copper concentrates (116) , coal and fossil fuels (113) (114) (115) , saturated sodium chloride solutions (118) and sulfides (122).
MOST PRACTICAL METHOD OF ANALYSIS
The choice of method for determining gemanium should be based on physical state and size of the sample and speed, precision, detection limit and cost of analysis. If the Ge data need not be precise, then direct emission spectroscopic methods are the methods of choice with minimal sample preparation and detection limits on the order of 0.1 to several ppm on sample sizes less than 100 mg.
The most sensitive technique among the optical spectroscopic methods is hydride generation/GFAAS with detection limits and sensitivities less than 0.1 ppm, but any solid sample must be decomposed and dissolved. The graphite furnace technique suffers from memory effects (48), and inconsistent results arise from formation of volatile Ge monoxide prior to atomization (48 and 126). Because of Ge volatility in the presence of sulfur, halogens or organic matter, any ashing step should be done at a temperature of less than 400°C. Also, germanium loss can be expected with any decomposition using a flux (48).
The colorimetric phenylfluorone method, often involving distillation of GeCl4, is prone to error with the presence of oxidizing agents, the slow formation and possible instability of the colored species, and the poor quality of commercially-available reagent(48). Despite these drawbacks, the method is still used and can be made simple and rapid (54).
Good precision is possible at low Ge levels with SSMS and NAA methods, but NAA methods are time-consuming and require chemical separations of hazardous radioactive specimens after irradiation. SSMS appears to be an expensive and infrequently-used method.
Non-destructive analysis by energy-dispersive XRF spectrometry is possible when lowest detection limits are not required, but levels of Ge in most rocks are below 10 ppm. PIXE spectrometry has been applied only to coal and coal byproducts.
With XRF sensitivity is improved and detection limits are lowered somewhat when sample briquets are prepared and analyzed. Chemical separation and preconcentration of Ge are necessary to eliminate matrix effects and spectral interferences encountered in XRF as well as to achieve detection limits and sensitivities comparable to the other methods already mentioned. However, chemical pretreatment of samples for XRF spectrometry, or for any other method, is time-consuming and frequent preparations of reference standards are necessary to verify the accuracy of the procedure.
If emission spectroscopy is not to be used for analysis, then important factors to consider in choosing most other methods are sample decomposition and separation of Ge from other elements interfering with its detection. The volatility of Ge compounds formed during decomposition is problematic and is suspected to be a reason for low Ge data reported in the literature (48).
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